Regional carbon dioxide emissions study is necessary for China to realize the emissions mitigation. An environmental input-output structural decomposition analysis (IO-SDA) has been conducted in order to uncover the driving forces for the increment in energy-related
Introduction
Carbon emissions from fossil fuel combustion for promoting economic development are regarded as the important drivers for global climate changes [1] [2] [3] [4] [5] [6] . China, the biggest emerging and developing country, has become the world's top energy consumer and CO2 emitter after decades of rapid economic growth and rapid-pace urbanization and industrialization [7] [8] [9] [10] [11] . Under such a circumstance, Chinese government released a binding reduction target, namely to decrease carbon dioxide emissions per unit gross domestic product (GDP) in 2020 by 40%-45% compared to the 2005 level [12, 13] , as well as slash the intensity of carbon emissions per unit GDP by 17% in 2015 compared to the 2010 level during the 12th Five-Year Plan [14] . Meanwhile, China was also aiming for a national cap on total energy use of below four billion tons of coal equivalent by 2015.
Recently, an increasing number of studies have been conducted by global and national researchers to uncover the main driving forces for the increasing carbon emissions in China. Peters et al. conducted a structural decomposition analysis (SDA) to analyze how changes in technology, economic structure, urbanization, and lifestyles affected China's growing carbon emissions from 1992 to 2002 [15] , and found that infrastructure construction and urban household consumption had played big effects on total emissions, while technology and efficiency improvements have only partially offset emissions growth. Using the IO-SDA (input-output structural decomposition analysis), Zhang examined the supply-side structure effect on the production-related carbon emissions in China from 1992 to 2005 [16] , and Liu et al. evaluated the energy embodied in the international trade of China during the same period [17] ; results show that increasing exports of energy-intensive goods enlarged energy embodied in trade, mainly due to the rapid growth of manufacturing sectors. Zhu et al. adopted IO-SDA method to investigate the indirect carbon emissions from residential consumption in China from 1992 to 2005 [18] , results show that the rising residential consumption level accelerated the growth of residential indirect carbon emissions. By combining structural decomposition and input-output analysis framework, Guan et al. found that efficiency gains in production sectors could not cope with the increasing emissions in China from 2002 to 2005 [19] ; they then forecasted that household consumption, capital investment and exports growth would largely increase the carbon emissions up to 2030, while efficiency gains would partially offset the projected increases [20] . Minx et al. used structural decomposition analysis to update Peters' previous analysis of China's carbon emissions and found that efficiency improvements have largely offset additional CO2 emissions from increased final consumption with special focus on the period 2002 to 2007 [21] . Xie investigated the driving forces of China's energy use from 1992 to 2010; results show that three-quarters of energy consumption changes came from investment activity between 2007 and 2010 [22] . All of these studies highlighted the efforts of efficiency gains for curbing carbon emissions, and found that the rapid economic development and increasing exports growth had great positive effects on carbon emissions in China.
In particular, there are pronounced differences in development model, economic structure, consumption levels, available technology, residential lifestyles, and resource endowment across the different provinces within China [13, 23, 24] . Zhang et al. investigated China's energy consumption change from 1987 to 2007 based on multi regional structural decomposition analysis, and found that the change of final demand outpaced efficiency improvements to stimulate energy use in all regions during 1987-2007 [25] . Su et al. investigated carbon emissions embodied in trade using the data for China and then dividing the country into eight regions, and found that it was meaningful to look into the spatial aggregation effect for a large country like China [26] . Therefore, there is an urgent need to have a deeper understanding on the national experience-based learning as well as provincial case-based empirical studies to inform itself of the best route to low-carbon sustainability.
Xinjiang province, an important energy base in northwest China, has an area of 1.66 million km 2 ,
accounting for 1/6 of the national total land area ( Figure 1 ). According to the second national oil and gas resources evaluation, the energy resources reserves are abundant. The predictive reserves of oil in Xinjiang are 20.92 billion tons, accounting for 30% of China's continental oil resources volume. The predictive reserves of gas in Xinjiang are 10.4 trillion cubic meters, accounting for 34% of the national onshore natural gas resources. The predictive coal reserves are 2.19 trillion tons, accounting for 40% of the national total predictive reserves. In addition, another important thing is that we cannot ignore the abundant renewable energy in Xinjiang, especially wind and solar photovoltaic power. Since the reform and opening after 1978, the utilization of energy resources has made great contribution to Xinjiang's social economic development. Meanwhile, such economic development mode has brought serious environmental challenges to the arid ecosystem, especially the energy-related carbon emissions. From 2001 to 2010, rapid economic growth in Xinjiang accelerated the carbon emissions increase with an annual growth rate reaching 10.16% during the period of Western Development [27] . Therefore, Xinjiang local government explicitly pointed out that carbon dioxide emissions intensity would be strictly controlled in the newly published provincial 12th Five-Year Plan. Hence, there is an urgent need to uncover the driving forces of carbon emission increases in Xinjiang in the background of "energy conservation and emissions reduction". We present the case study applying the IO-SDA analytical framework on the regional scale, in order to analyze the energy related carbon emissions and recommend environmental mitigation policy. In the next section, following the Introduction, we present the research methodology, including a brief research methods introduction and the detailed calculation process. Then, Section 3 addresses the data collection and treatment. Section 4 presents the case analysis of Xinjiang province. The main results and discussion are drawn in Section 5. Finally, we conclude our case study and provide some effective and efficient mitigation policy implications. 
Methodology

Structural Decomposition Analysis (SDA)
Two major decomposition techniques, the index decomposition analysis (IDA) and the structural decomposition analysis (SDA), have been widely performed to study the driving forces of the energy-related carbon emissions during the past decades. Su et al. comprehensively compared IDA and SDA based on the latest available information, and illustrated that research scope, data requirements and method formulation were the main reasons for the similarities as well as differences between IDA and SDA [28, 29] .
The IDA model derived from the IPAT framework, which can be readily applied to any available data sources at any aggregation level in a period-wise or time-series manner [30] [31] [32] [33] . That is to say, data sources used for IDA are highly aggregated at the sector level, and this aggregation limits policy implications to the particular sectorial scale. In addition, the IDA model can only deal with direct effects while the indirect effects from final demands are often neglected.
Theses technological gaps mentioned above can be fully filled by applying the SDA framework. The SDA model is based on the economic input-output (IO) tables, which analyzes economic change by means of a set of comparative static changes in key parameters on the sector scale [34] [35] [36] [37] .
The introduction of the extended IO table (i.e., the Hybrid Input-Output Table) allowed application of SDA framework to be extended to study changes in energy consumption (e.g., energy use [22, 25] , energy intensity [38] , etc.) and environmental issues (e.g., carbon emissions [15, 21, 39, 40] , water resources [35, 41, 42] , mercury emissions [43] , PM2.5 emissions [44] , environmental pressure [45] , etc.). The SDA model has been widely used already, thanks to its important feature and ability, namely, to distinguish the direct and indirect socio-economic effects from both intermediate production and final consumption perspectives [35, 46] . Therefore, SDA method based on hybrid input-output table was applied in our study to uncover the driving forces of carbon emissions in Xinjiang province. The brief method introduction and detailed calculation process are presented as below:
where, C is the total carbon dioxide emissions; the 1 n 
Therefore, the total carbon dioxide emissions C can be calculated by the following Equation (4):
Furthermore, the carbon dioxide emissions changes C  can be decomposed into five influencing factors: carbon emission intensity E , production structure L , consumption structure s y , per capita GDP v y , and population size P , as shown in Equations (5) and (6). 
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y  , and P  represent the changes of each independent variable, respectively;
fy  , and () fP  , represent carbon dioxide emission changes induced by each independent variable, respectively. As usual, the non-uniqueness issue is the main problem when conducting the SDA method, that is, the number of possible decomposition paths is n! [47, 48] , and the n! possible forms are equally valid. It is common to deal with this issue using the average of all n! possible equivalent exact decomposition forms to achieve the final ideal decomposition [14, 15, 20, 49, 50] . Subsequently, changes of carbon dioxide emissions induced by each category of final demands consumption have been widely performed [14, 21, 51, 52] . Therefore, carbon dioxide emissions changes can be allocated by final demands by economic sectors according to final demand categories, if the 1 n column vector t y can be diagonalized into a 1 n matrix, as shown in Equation (7):
where, k y represents the t category of final demands, k C represents the k final demand's carbon dioxide emissions.
Estimation of Carbon Dioxide Emissions
Carbon dioxide emissions of energy consumption were calculated according to the following method given by the IPCC Guidelines for National Greenhouse Gas Inventories [14, 51] , carbon emissions factors and the conversion factor are as follows:
where the subscript i is the various fuels in this study, t means the time in years, t C represents total carbon dioxide emissions in year t (in million tons, Mt), 
Data Management
In our case study in Xinjiang, three time-series monetary input-output tables (MIOTs) from 1997, 2002, and 2007 were constructed. Then, we aggregated all the sectors into 28 integrated economic sectors (e.g., 40 in 1997, and 42 in 2002 and 2007), in order to keep the data set consistent with the energy consumption data of industrial sectors ( Table 2 ). The energy consumption and population data were collected from the regional energy balance table in the Xinjiang Statistical Yearbook, which are compiled by the National Bureau of Statistics of Xinjiang Statistical Bureau every five years. In addition, we converted the current prices in 2002 and 2007 into the 1997 constant prices by using the double deflation method [15] , according to each sector's producer price indices, in order to eliminate the deflation effect [14, 50, 51] . However, the impacts of sector and temporal aggregation issues should be kept in mind in empirical SDA studies [55, 56] . Based on the comparative study of China and Singapore, Su et al. found that almost 40 sectors appeared to be sufficient to capture overall share of carbon emissions embodied in trade in terms of the sector aggregation issue [55] . As well as the temporal aggregation issue, if the extended IO tables (like 2000, 2005 and 2010) are available, the impacts of temporal aggregation can be reduced. Monetary input-output tables (MIOTs) of Xinjiang province comprise nine categories of final demands, which are: final consumption (e.g., urban residential consumption, rural residential consumption, and government consumption), gross capital formation (e.g., fixed capital investment, and inventory increases), and trades (inter-provincial exports, international exports, inter-provincial imports, and international imports). As for the input-output analysis of carbon emissions embodied in trade, "processing and normal" exports [57] and "competitive versus non-competitive" imports [58] are the two key issues in recent trade-related carbon emission research. In our case study, exports were assumed with the uniform input structures for processing and normal exports and imports were assumed with competitive import assumption. For the regional SDA studies in the future, efforts should be made to differentiate the different input structure for manufacturing processing and normal exports, as well as both interregional and international imports assumptions should be considered seriously.
Results of Case Analysis in Xinjiang
Contributions to Carbon Dioxide Emissions of Five Main Driving Forces
In the ten years from 1997 to 2007, Xinjiang's energy-related carbon dioxide emissions from production activities increased by 122.13%, from 81.36 Mt to 180.73 Mt. Especially, there was a significant increase from 2002 to 2007; 88.67% of the total emissions increase occurred in this rapid growth period. Structural decomposition analysis for the contributions to Xinjiang's emissions changes during 1997 to 2007 is shown in Figure 2 and Table 3 . 
Contributions to Carbon Dioxide Emissions of Different Final Demands in Xinjiang
The allocation and contribution ratios of carbon dioxide emissions caused by final demands are represented in Figure 3 and Table 4 , respectively. The distribution of carbon dioxide emissions caused by final demands across different final demand categories is listed in Table 5 . From the perspective of final demands, fixed capital investment and trade (inter-provincial exports and inter-provincial imports) had great effects on the total carbon dioxide emissions. Table 4 illustrates that rural residential consumption, urban residential consumption, government consumption, fixed capital formation, inventory increase, inter-provincial exports, international exports, inter-provincial imports, and international imports contributed 8.23%, 22.60%, 12.39%, 97.90%, 0.32%, 78.85%, 8.33%, -125.44% and -3.18%, respectively, to Xinjiang's emission increments from 1997 to 2007. (Table 5 ). Moreover, the international exports of products from four sectors, namely Agriculture (59.96%), Smelting and pressing of metals (17.31%), Wholesale, retail trades, hotels, catering service (9.97%), and Food production and tobacco processing (9.40%) contributes more to carbon dioxide emission increments than any other sectors (Table 5) .
Urban residential consumption also had a positive effect on carbon dioxide emissions, bringing in a 22.46 Mt increase, accounting for 22.60% of the total changes in absolute value. Moreover, 26.68% of such an increase was due to Production and distribution of electric and heat power, 22.03% was due to Other service activities, and 17.15% was due to Transport, storage, postal and telecommunications services, significantly higher than other sectors ( (Table 5 ). In addition, international imports has contributed to only 3.18% of carbon dioxide emission decrements caused by final demands in Xinjiang, mainly caused by the import of Metal products (36.92%) and Petroleum and natural gas extraction (30.38%).
Concluding Remarks and Further Discussion
Concluding Remarks
China has become the world's top energy consumer and CO2 emitter after decades of rapid urbanization and industrialization. China's mitigation targets would be mainly achieved by its regional efforts. Such a reality requires detailed case-based empirical studies on its regional carbon dioxide emissions. SDA model based on an environmental input-output table was employed to uncover the causes of carbon dioxide emission changes in Xinjiang province during 1997 to 2007. Relative contributions of five factors are calculated: carbon emission intensity, production structure, consumption structure, per capita GDP, and population size. Emissions increase can be illustrated as a competition between consumption growth (per capita GDP) and efficiency improvement (carbon emission intensity) during 1997 to 2007. Per capita GDP is the most important driver for the rapid emission growth, while carbon emission intensity is the significant contributor to offset these increments. In addition, production structure changes performed as a new major driver for the steep rise in carbon dioxide emissions in recent years. Our results indicate that carbon emission intensity is the sole important factor contributing to offset carbon increments in Xinjiang. Hence, Xinjiang will be better off improving energy efficiency through energy-related technology development (e.g., technology innovation and technology transfer) and developing high-tech industries. Furthermore, how to encourage and stimulate local governments, enterprises, and residents to actively reduce their carbon emission intensity will be a key issue.
Furthermore, carbon dioxide emission changes caused by final demands are analyzed by different final demand categories and 28 aggregated economic sectors. From the viewpoint of final demands, fixed capital formation contributed the highest carbon dioxide emission, followed by inter-provincial export and urban residential consumption; while inter-provincial imports had the biggest contributions to offset emission increments, followed by international imports. From the perspective of economic sectors, four sectors, namely petroleum refinery and coal products, production and distribution of electric and heat power, smelting and pressing of metals, and nonmetal mineral products increased by 44.20 Mt, 41.46 Mt, 12.83 Mt, and 5.27 Mt, respectively during 1997 to 2007, accounting for 44.48%, 41.72%, 12.91%, and 5.30% of the total changes in absolute value, respectively. The inter-provincial exports of products from Petroleum refinery and coal products and Smelting and pressing of metals contributed the highest carbon dioxide emission, while Production and distribution of electric and heat power was mainly associated with urban residential consumption. All these sectors are energy related economic activities, indicating that future consumption-based mitigation policies should mainly focus on these four sectors.
Further Discussion
We compare our results in Xinjiang with the previous studies carried out at the national levels [15, 21] and provincial levels in Liaoning [51] and Jiangsu [14] . The comparison further highlights the previous conclusions that economic growth (per capita GDP) is the most important driver for the rapid emission growth, while efficiency improvement (carbon emission intensity) is the significant contributor to decreasing carbon dioxide emissions, both at the national level and the regional level from the production perspective. In addition, production structure changes performed as a new major driver for the steep rise in carbon dioxide emissions in Xinjiang during 2002 to 2007. In order to achieve carbon mitigation, Xinjiang should not only rely on efficiency improvement, but also rely on production structure optimization.
However, results carried out from the perspective of final demands are different. China's export-driven economy made export-related carbon dioxide emissions contribute most to the total emission changes during 2002 to 2007 [21] . A comparison of different regional studies within China shows several differences. In terms of export, international imports contributed the highest carbon dioxide emissions in Jiangsu, a typical manufacturing center in Southeast China [14] ; while inter-provincial exports contributed the highest in Liaoning, an old industrial base in Northeast China [51] . As for Xinjiang, inter-provincial exports contributed the second highest carbon dioxide emissions during the same period, after fixed capital formation. This illustrates that Xinjiang is still an undeveloped region in Northwest China. There is an urgent need for Xinjiang to absorb intensive investment in infrastructure construction (e.g., buildings, highway, railway and so on) to promote economic growth and the process of urbanization and industrialization in order to narrow the development gap between Xinjiang and other inland provinces, especially after the "Western Development Strategy" was implemented in 2000. This indicates that investment-related carbon dioxide emissions will further increase in Xinjiang. Along with the process of new industrialization and the newly issued "great-leap-forward development" strategy, a large amount of capital investment will be allocated to Xinjiang. In consideration of Xinjiang's abundant energy resources and significant technological gap, mitigation efforts should aim to upgrade the production technology and eliminate backward production capacity at enterprise levels, especially those energy intensive manufacturing companies in the national industrial parks and emerging industrial parks in Xinjiang.
Although inter-provincial exports contributed the second highest emissions in Xinjiang, we predict that emissions embodied in inter-provincial exports will increase significantly. Actually, trading between provinces within China is more flexible, as there are less political and economic barriers across the provincial borders [23, 50, 59 ]. This will be one main reason for the rapid export-related emissions growth in the near future.
In addition, Xinjiang will strive to form an outstanding delivery capacity for other provinces within China during the "Twelfth Five Year Plan" period, including 50 million tons of crude oil, 100 billion cubic meters of natural gas and coal gas, and 30 million kilowatts of electricity. Xinjiang will become one of the five-big comprehensive energy base in China, consisting of national large oil and gas production and processing base, large coal power and coal chemical industry base, large wind power base, and national energy resources onshore passage ( Figure 4 ). As shown in the Figure 4 , Xinjiang base is far away from China's main energy consumption markets compared to the other four big energy bases. The long distance will further increase emissions from the transport of Xinjiang's exported goods, especially energy resources, energy-related materials and products, electricity, etc. Then, how to reduce regional transport sector carbon emissions will be a key issue for Xinjiang's exported goods in the near future.
In the next decades, Xinjiang is likely to further accelerate the process of urbanization to realize the great-leap-forward development. Carbon dioxide emissions from urban residential consumption will be increased by a combination of increasing urban residents and their increased expenditure. The urbanization will promote a large demand for new residential apartments, infrastructure construction, and energy intensive products such as heating and electric power. Under such a circumstance, mitigation policies should pay more attention to upgrade the local electricity and heating infrastructure and apply innovative building energy saving technology. Energy structure in Xinjiang should also be optimized, in view of Xinjiang's mainly coal fuel based electricity and heating systems. The application of low carbon wind power and solar energy should be promoted by the local government and local industrial companies. 
Policy Recommendations
Based upon our analysis results, Xinjiang may face great challenges to curb carbon emissions in the near future. However, several concrete mitigation measures have been further discussed and then raised by considering the regional realities, aiming to harmonize regional development and carbon dioxide emissions reduction.
(1) Carbon emission intensity is the sole important factor contributing to offset carbon increments in Xinjiang. Energy efficiency improvement and fundamental structure changes were the main contributing factors reducing China's energy intensity at the provincial level [11, 13, 53, 60] . There is still much potential for carbon emission intensity to decline further compared to the national average level. Industrial policies will need to upgrade the production process and enhance energy efficiency of Xinjiang's energy-intensive sectors, especially the petroleum refinery, coal chemical industry, smelting and pressing of metals, power generation, transport sector, and heating in winter. (2) Considering the abundant renewable energy-especially wind power and solar PV energy in Xinjiang-shares of renewable energy in the total energy consumption should be increased obviously and effectively to optimize the energy consumption structure. The utilization clean and renewable energy, such as wind power, solar energy, and hydro power, should be further promoted by the central and local government so that the total fossil energy consumption can be reduced. Renewable energy technological change should be introduced by the local government with additional encouragement and reward. (3) New energy technology should be introduced and accelerated aiming at the low carbon direction.
New energy technology (e.g., coal based synthetic natural gas (SNG) and shale gas) will be powerful tool in meeting energy demands in the future, and will be good solution to both energy savings and emissions reduction. Xinjiang is listed by the central government as one of the main coal based SNG industry bases owing to the rich coal resources, and nearly 70% of the national coal based SNG projects are being conducted in Xinjiang [61] . There are 30 ongoing and planned coal-based SNG projects in China, and 22 are located in Xinjiang, which will have a total capacity of 92.2 billion cubic meters per year, accounting for 76.57% of the national total capacity [61] . However, Sinopec plans to build gas pipelines with an annual capacity of transporting 30 billion cubic meters of coal based SNG from Xinjiang to large natural gas markets in southeast China; in addition, other investors are also want Xinjiang's SNG [61] . The Tarim Basin has 216 trillion cubic feet of risked, technically recoverable shale gas resources, accounting for 19.27% of China's total shale-gas reserves. The gas-rich Tarim basin in southern Xinjiang was selected as one of the China's shale gas basins [62] . Natural gas is a relatively clean energy source once extracted. Coal based SNG and natural gas from shale formation would be better opportunities for China's purpose of fossil fuel substitution and "energy saving and emission reduction" in the future, even in Xinjiang. It might be an effective way to increase the shares of natural gas in the total energy consumption and decrease the coal share in the energy mix. However, they are both restricted by technology and operational expertise. Eco-environmental risks and water resources are the main challenges for Xinjiang, an extreme arid zone [9, 10] . Importantly, we cannot pay for energy demands at the expense of our limited fresh water resources and other undesired environmental effects. At least, coal-based SNG and shale gas are not good solution to both energy savings and carbon emissions reduction, unless cleaner production and carbon capture and storage (CCS) technology are promoted in Xinjiang. (4) Furthermore, how to slow down carbon emissions but not at the expense of ecological environmental protection and social-economic development is a big dilemma faced by the local government during the process of the big comprehensive energy base consturction for energy exploration and exploitation in Xinjiang. Recently, the local government has further stated that Xinjiang would be served as an energy conservation and energy-products processing center and a western energy and equipment manufacturing industrial center to improve its energy role at the national level. Government should pay attention to nurture the emerging low-carbon industries, especially focus on renewable energy industry, new material industry, energy saving and environmental protection industry, etc. during the process of energy base consturction. (5) Now, Xinjiang is in its best period of construction and development, with rapid expansion of city size and industrial output to meet the fast increase in living standards of the local residents, during the process of its new urbanization and industrialization. In order to accelerate industrialization and control emission, efforts should be made to upgrade the production technology and eliminate backward production capacity at enterprise levels, especially those energy-intensive manufacturing companies in the national industrial parks and emerging industrial parks in Xinjiang. Low carbon city, low carbon transportation, low carbon buildings, etc. should be effectively promoted during the process of new urbanization. In addition, residents' low carbon awareness should be promoted to support energy saving behaviours, especially public transportation.
